Recent studies raised questions about the severity of cognitive impairment associated with dementia with Lewy bodies (DLB). However, there have been few analyses of large, multicenter data registries for clinical-pathologic correlation.
dementia. Further, the signs and symptoms of ADϩDLB are challenging to distinguish. 14 These observations have prompted speculation as to whether the present clinicalpathologic classification system for DLB is appropriate. 7, 13, 15 As we enter an era with ever-greater hopes for tailored neurotherapeutics, we need to learn what the expected degree of cognitive impairment is for pure DLB and how it may add to cognitive impairment severity when other neuropathologies are present.
METHODS National Alzheimer's Coordinating Center Registry data. The National Alzheimer's Coordinating Center (NACC) Registry represents detailed data obtained from 31 AD Centers (ADCs) across the United States. 16 NACC data were obtained by request according to the regular application methods. Exclusion criteria (as described in detail in table e-1 on the Neurology ® Web site at www.neurology.org) were applied a priori to enable clinical-pathologic correlations specific to the diagnoses of cortical LB and AD-type pathology. Briefly, cases were excluded for the following reasons: no Mini-Mental State Examination (MMSE) score; no Braak neurofibrillary (NF) stage 17 data; no Consortium to Establish a Registry for Alzheimer's Disease (CERAD) neuritic plaques 18 data; clinical history of stroke; or clinical history of prion disease, triplet-repeat disease, or any other disease that would by itself explain the clinical syndrome. Patients with autopsies between 1995 and 2008 were included to assess diagnostic accuracy both before and subsequent to implementation of the National Institute of Aging-Reagan Institute (NIA-RI) 19 and DLB 2 consortia/consensus criteria. Most cases meeting final inclusion criteria were derived from 27 ADCs. The average number of cases per center was 142, the median was 108 (range 37-367).
University of Kentucky Alzheimer's Disease Center data. Details of University of Kentucky Alzheimer's Disease
Center (UK ADC) Internal Review Board protocols, patient recruitment, and longitudinal follow-up have been described previously. 11, 20 Briefly, patients who came to autopsy from the UK ADC cohort (total n ϭ 527) were studied. The autopsy rate for the study group is Ͼ90%. Mental status testing has been described. 11, 20 Clinical diagnoses were documented by the clinicians at the UK ADC Consensus Conference, which included neurologists, neuropsychologists, and social workers. Detailed neuropathological studies were performed at the UK ADC as described previously. 10, 11, 21 For direct comparison with data from other ADCs represented in NACC Registry, UK ADC data were pulled from the actual NACC results to ensure all the relevant inclusion and exclusion criteria were identical. Serial MMSE scores were the basis for studying the rate of cognitive deterioration of patients from various neuropathologic diagnostic groups as described below. To be included in this longitudinal analysis, there had to be at least 4 MMSE scores and autopsy confirmation. Cases with cerebrovascular disease or hippocampal sclerosis were excluded as described, 22 leaving 143 cases in these analyses: 107 pure AD cases, 27 ADϩDLB cases, and 9 pure DLB cases.
Pathologic criteria. The presence or absence of neocortical
LBs was inferred, in both data sets, by indication of "diffuse neocortical type LB" disease in the data registry. The presence of AD-type pathology was determined using the NIA-RI criteria, where Braak Stages V/VI with CERAD "moderate" or "frequent" indicate the disease has pathologic impact (NIA-RI High Likelihood). In the presence of sufficient neocortical LBs and Lewy neurites to merit the diagnosis of DLB, ADϩDLB was determined to be present with Braak neurofibrillary stages IV, V, or VI (with CERAD "moderate" or "frequent"), since in the presence of neocortical LBs, the neurofibrillary pathology tends to be lower because of the additive clinical impact of these pathologies. 11 Statistical methods. Mean response (MMSE) was compared among 3 pathologic groups from the NACC Registry by constructing an analysis of variance procedure for a one-way layout with post hoc comparisons of means based on Fisher protected least significant differences procedure (table 1). Final MMSE scores refer to scores derived from final minimum data set data. Percent female was compared among groups using a 2 test. To compare MMSE scores across a range of AD-type pathology, generalized linear model for a 2-factor design was constructed with post hoc comparisons to check the differences in final MMSE scores between the presence and absence of neocortical LBs at each AD-type Braak stage (0 -I, II/III, IV/V, and VI). Post hoc comparisons of the means were based on t statistics. Statistical significance was determined at the 0.05 level. For assessment of longitudinal UK ADC data, a linear mixed model was fitted to the last 4 MMSE scores before death. The purpose of the analysis was to determine how the average intercept and slope varied among the 3 neuropathologic diagnostic groups. In this model it was assumed that each subject had a linear decline in their MMSE scores with each person having their own intercept and slope for this decline (random intercept and slope). This latter analysis was adjusted for years of education. Statistical significance was set at the 0.05 level.
RESULTS
An initial analysis of the UK ADC and NACC data indicated that some clinical indices differ between groups with pure DLB, pure AD, or ADϩDLB (tables 1 and 2). UK ADC data were analyzed separately from NACC data because further studies were performed on the UK ADC cohort. In both data sets, patients with pure DLB tend to die with higher final MMSE scores in comparison to the other dementia groups (NACC data-pure DLB vs pure AD: p Ͻ 0.0001; pure DLB vs ADϩDLB: p Ͻ 0.0001. UK ADC data-pure DLB vs pure AD: p ϭ 0.001; pure DLB vs ADϩDLB: p ϭ 0.0033). Note that persons with pure DLB pathology also tended to have more years of formal education (NACC datapure DLB vs pure AD: p Ͻ 0.0001; pure DLB vs ADϩDLB: p ϭ 0.0039. UK ADC data-pure DLB vs pure AD: p ϭ 0.004; pure DLB vs ADϩDLB: p ϭ 0.0105) and were more likely to be male (NACC data-pure DLB vs pure AD: p Ͻ 0.0001; pure DLB vs ADϩDLB: p ϭ 0.0018. UK ADC data-pure DLB vs pure AD: p ϭ 0.002; pure DLB vs ADϩDLB: p ϭ 0.0494). Differences between groups in time periods between final MMSE evaluations and death and differences in formal education levels between groups were possible sources of bias. We thus performed separate analyses exclusively on patients who had been tested within a year of death, adjusted for education. In the UK group, this analysis (n ϭ 58 total) still had large differences in final MMSE scores (pure DLB vs ADϩDLB: p ϭ 0.008; pure DLB vs pure AD: p ϭ 0.008). This difference in final MMSE scores also held true for the NACC cohort (n ϭ 674 total; pure DLB vs ADϩDLB: p Ͻ 0.001; pure DLB vs pure AD: p Ͻ 0.0001).
To assess with higher resolution how AD-type and DLB-type pathologies were associated with antemortem cognitive impairment, we evaluated the association of MMSE scores with LB pathology across a range of severity of AD-type pathology (figure 1). The severity of AD pathology was stratified by Braak stages, which by convention are scaled using Roman numerals (0 -VI). 17 Across a range of Braak stages, in both the NACC Registry data and the UK ADC data, the neocortical LB pathology was associated with an incremental amount (ϳ5-10 final MMSE score points) of cognitive impairment. Note that for this assessment, the UK ADC data had been removed from the NACC Registry data to evaluate them independently. For NACC Registry data (total subjects n ϭ 2,667), the mean MMSE scores vary significantly at the first 3 Braak stages 0 -I, II/III, and IV/V (the means with presence of neocortical LBs are lower than the means with absence of LBs; p ϭ 0.0024, p Ͻ 0.0001, and p ϭ 0.0353) but not the most severe Braak NF stage ( p ϭ 0.3990). For UK ADC data (total subjects n ϭ 259), only 2 of the 4 Braak NF stages vary in means (II/III: p ϭ 0.0005 and IV/V: p ϭ 0.0002).
In the UK ADC data, there was no difference in the mean final MMSE scores, with or without LBs, for patients at NF stages 0 -I or VI (Braak NF stage 0 -I: p ϭ 0.41, perhaps due to small n ϭ 4 for patients with neocortical LBs in this category; Braak NF stage VI: 0.69). When the NACC Registry data and UK ADC data were combined (total subjects n ϭ 2,926), mean MMSE scores vary at the first 3 groups (Braak NF stages 0 -I: p ϭ 0.0012; II/III: p Ͻ 0.0001; IV/V: p ϭ 0.0055), but not Braak stage VI ( p ϭ 0.5302). Thus, in all the analyses the mean MMSE scores between cases with or without neocortical LBs were not significantly different for patients with Braak stage VI NF pathology.
To assess a survivor bias, we also analyzed the duration of the disease, i.e., the interval between onset of dementia symptoms and death, in a subset of cases from UK ADC where those data were available (AD n ϭ 85; ADϩDLB n ϭ 23; pure DLB n ϭ 6). Means of duration of disease were compared using t tests. There were no differences in duration of disease among the groups ( p Ͼ 0.15 for all comparisons). The "snapshot" of cognitive impairment severity as determined by final MMSE scores does not necessarily indicate how rapidly the patients declined in the prior years. To address this issue, we used data from the UK ADC because we had multiple annual MMSE scores for cases with autopsy confirmation of pathology. MMSE scores were charted in relationship to time for 9 patients who had pure DLB with autopsy confirmation of pathology as shown in figure 2.
MMSE score changes over time (UK ADC data) were then used to compare the rate of cognitive deterioration for patients with autopsy-confirmed pure DLB, pure AD, or ADϩDLB (figure 3). The slopes ( p ϭ 0.049) and intercepts ( p Ͻ 0.005) varied among the groups. Post hoc comparisons of the slopes showed that the pure AD group had a less steep slope (Ϫ2.37) than the ADϩDLB group (Ϫ3.37, p ϭ 0.05) while the pure DLB group had a slope in between (Ϫ2.84, p ϭ 0 0.5 when compared to either of the 2 other groups). Post hoc comparison of the intercepts showed that the pure DLB group had a higher intercept (19.8) than the mixed pathology group (11.12 , p ϭ 0.016) while the pure AD group had an intercept in between (14.42, p ϭ 0.10 when compared to either of the other 2 groups). Hence, although it was a small group (n ϭ 9 subjects) the pure DLB group had higher MMSE scores 4 visits before death than the other 2 groups and declined less than the ADϩDLB group. DISCUSSION We analyzed large data sets of longitudinally assessed patients followed to autopsy, across a broad clinical spectrum, showing that MMSE score loss in pure DLB is less severe when compared to cases with significant AD pathology. These results are concordant with recent studies that have called into question the impact of neocortical LBs on global cognition and suggested that LBs are an additive pathology. 7, 11, 13, 21, 23, 24 However, the current study involves a larger sample encompassing 31 different academic medical centers, with explicit distinction made between AD, DLB, and ADϩDLB cases. Collectively these data suggest that pure DLB pathology, without AD pathology, is associated with a relatively moderate impact on global cognition. Older studies may report different outcomes partly because the rates of evaluation for neocortical LBs have changed significantly over time. The DLB Consortium published the first clinical and pathologic guidelines for diagnosis of the disease in 1996. 2 Further consensus revisions of the diagnostic guidelines for DLB were even more recent. 1, 25 Thus, the clinical-biologic understanding of DLB is still evolving. Retrospective analyses should take these considerations into account.
Clinically, patients with DLB may manifest fluctuating clinical course, early well-formed hallucinations, delusions, paranoia, parkinsonism, and REM sleep disorders. 1, 26 The contradistinctions between DLB and Parkinson disease dementia are somewhat vague-clinical and pathologic features are virtually identical but DLB is distinguished by the cognitive symptoms presenting before parkinsonism. 1,2 A number of studies assumed that the clinical signs of DLB are strongly predictive for the relevant pathology. However, studies that have evaluated the sensitivity and specificity of those clinical signs/symptoms in predicting neocortical LB pathology in a prospective manner have had varying results. 1, [27] [28] [29] Thus, specific clinical features may be imperfect at indicating exactly which cases will show pure DLB at autopsy. This is why pathologic diagnoses were used as the gold standard in the present study.
Even using pathologic diagnoses involves potential pitfalls and alternative hypotheses must be con-sidered. It is possible that the differences in MMSE scores between groups with different pathologic diagnoses could represent a survival effect. In this case, patients with pure DLB may die at an earlier age, before more severe cognitive decline could be identified. Possible causes for early mortality in DLB could include adverse medication effects as can be seen with atypical and typical antipsychotic therapies, or autonomic dysfunction related to widespread brainstem and limbic involvement of LBs. However, the age at death for pure DLB was not different from the pure AD or ADϩDLB cases in either the NACC or the UK ADC data. Further, neither our results nor other sources [30] [31] [32] have indicated that DLB duration of disease differs systematically from AD or ADϩDLB. Still, the possibility of a survivor bias has not been completely ruled out.
There are other limitations to the present study. MMSE scores proximal to death were used as the sole metric of global cognitive status. Prior studies have shown that overlapping but non-identical cognitive domains are affected in DLB and in AD, and the difference can be a challenge to capture in a single test. [33] [34] [35] The MMSE evaluates a number of cognitive domains, including orientation, language, attention/ calculation, short-term memory/recall, and praxis. MMSE scores offer good sensitivity in predicting some aspects of brain disease, producing universally understood data with known normative standards for multicenter studies. 21 The MMSE is also more clinically relevant than longer tests for the simple reason that many non-academic clinicians worldwide actually use it. At the present time, there are no other cognitive assessments that are consistent within and between ADC/NACC data sets that would allow for the comparisons of clinical (cognitive) and pathologic data. The current updated NACC protocol is designed to provide such data in the future but this involves years of longitudinal data collection. For all their merits, MMSE tests are imperfect metrics of "cognition" and do not explicitly assess psychiatric, executive, or autonomic domains that tend to be affected in DLB. Visuospatial dysfunction is prominent in DLB 36 and can have profound impact on daily function yet may theoretically only cause a single point lost on the MMSE for copy of the intersecting pentagons. In sum, although patients with DLB have higher final MMSE scores, they may be equally or more adversely affected by their disease in other ways that are not tracked as extensively by the MMSE.
Using data derived from 31 different ADCs necessitates pooling of data that are not exactly analogous-different academic centers follow different protocols in both the clinical and neuropathologic settings. For example, the rate of obtaining autopsies can be a systematic bias in a community setting. 37 We compensated partly by comparing the NACC results with those of the UK ADC database, which has followed a relatively consistent approach and has an autopsy rate of over 90%. We found good concordance in the results despite differences in cohort characteristics.
We discussed cases of AD, DLB, and ADϩDLB pathologies as though each were a different disease. This is partly because some cases of ADϩDLB may represent an entirely different disease subtype as underscored by the discovery of families with congenital, i.e., monoallelic, vulnerability to dementia with ADϩDLB pathology. [38] [39] [40] However, it may well be that in many cases the AD and neocortical LB diseases were pathogenetically independent.
Finally, we are unaware of reasons that pure DLB would be significantly more likely to affect males and persons with more years of formal education, although these are highly intriguing correlative phenomena that hold true over multiple data sets. Thus, additional questions remain at the fascinating nexus of cognitive impairments and their neuropathologic correlates.
